Abstract-The material properties of myocardium are an important determinant of global left ventricular function. Myocardial infarction results in a series of maladaptive geometric alterations which lead to increased stress and risk of heart failure. In vivo studies have demonstrated that material injection can mitigate these changes. More importantly, the material properties of these injectates can be tuned to minimize wall thinning and ventricular dilation. The current investigation combines experimental data and finite element modeling to correlate how injectate mechanics and volume influence myocardial wall stress. Experimentally, mechanics were characterized with biaxial testing and injected hydrogel volumes were measured with magnetic resonance imaging. Injection of hyaluronic acid hydrogel increased the stiffness of the myocardium/hydrogel composite region in an anisotropic manner, significantly increasing the modulus in the longitudinal direction compared to control myocardium. Increased stiffness, in combination with increased volume from hydrogel injection, reduced the global average fiber stress by~14% and the transmural average by~26% in the simulations. Additionally, stiffening in an anisotropic manner enhanced the influence of hydrogel treatment in decreasing stress. Overall, this work provides insight on how injectable biomaterials can be used to attenuate wall stress and provides tools to further optimize material properties for therapeutic applications.
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INTRODUCTION
Increased stress due to left ventricular (LV) remodeling is thought to exacerbate the series of maladaptive events that ensue post-myocardial infarction (MI), potentially leading to heart failure. 3, 5, 8 As discussed by Holmes et al., 12 during the ischemic phase of MI contractile function is impaired, or completely lost, and within a few hours of MI initiation the passive stiffness of the myocardium begins to increase. During the necrotic and fibrotic phases, dead tissue is removed due to an inflammatory response and replaced with collagen fibers. In the final remodeling phase, the wall thickness decreases and passive stiffness is also thought to decrease, which can both lead to global dilation and increased stress.
Injectable biomaterials, with their ability to limit geometric alterations, have become an attractive approach to decrease stress in the myocardial wall. 19, 26 Several experimental studies have utilized large animal models of MI and treatment with various injectable materials [including Radiesse and hyaluronic acid (HA) hydrogels] in order to explore their impact on wall thickness and LV function. 13, 18, 25 It was found that material injection increased wall thickness and ejection fraction, relative to untreated infarcts. Studies utilizing HA hydrogel treatment delved more into the role of their material properties in limiting LV remodeling. This work demonstrated that the efficacy of material treatment in attenuating wall thinning and dilation was dependent on hydrogel mechanics 13, 25 and degradation rate. 25 While these studies showed the influence of injectable materials in mitigating geometric alterations, no insight was provided on their exact role on the relationship of injectate properties in reducing wall stress. This is due to the difficulty in measuring forces in the myocardial wall in vivo.
In recent years, finite element (FE) models have been developed to better understand and examine the influence of material treatment on myocardial stress levels. 30, 33 Utilizing a FE model to simulate injection of a non-contractile material into the myocardium, Wall et al. demonstrated that bulking (i.e., thickening) the myocardium was sufficient to attenuate stress in the myocardial wall post-MI. 11 Further investigations have demonstrated the relevance of injection volume and mechanics on the degree of stress reduction. Wenk et al. developed a FE model of a globally dilated LV that provided more control over injection characteristics, where in addition to the mechanical properties, inclusion (or injection) volume, geometry, and injection distribution in the LV could be adjusted. 13 The injection pattern resulted in a reduction in average global wall stress. However, the exact shape of the injection regions was not known in that study. In another study, Wenk et al. used a FE model of an infarcted LV to predict the changes in mechanical properties required to make a dyskinetic infarct become akinetic. 31 The result indicated that the stiffness needed to be increased by nearly 300 times, but this was only hypothetical.
Despite advances in FE models of injection treatment, there has yet to be direct comparison between experimental results and models to better understand how materials can influence stress behavior upon injection. In the current investigation we focus on the experimental generation of injection volume/shape data in LV explants using magnetic resonance imaging (MRI) and their mechanical properties using biaxial testing. As in previous work by Ifkovits et al., 13 HA hydrogels were functionalized with a methacrylate to synthesize a methacrylated HA (MeHA) macromer that was used for injection. The experimentally measured information was then employed directly in a FE model of an LV treated with an injection distribution pattern that was previously explored in an in vivo study, 13 to investigate stress levels based on experimentally derived, rather than theoretical input values. The model was developed to mimic the acute effects of hydrogel injection within a short time after an MI. This investigation will ultimately provide a better understanding of the relationship between injectate material properties (i.e., mechanics and volume) and stress reduction post-MI and insight on material design criteria for injectable biomaterials to attenuate LV remodeling.
MATERIALS AND METHODS

Methacrylated Hyaluronic Acid (MeHA) Synthesis and Gelation
MeHA was synthesized as previously described (Fig. 1a) . 2 Briefly, methacrylic anhydride (MA, Sigma) was added to a 1 wt% solution of HA sodium salt (Lifecore, 66 kDa) in deionized water maintained at pH 8 on ice. Excess unreacted MA was removed by dialysis (MW cutoff 5-8 kDa) against deionized water at room temperature (RT) for at least 3 days with repeated water changes. The final product was frozen, lyophilized, and stored in powder form at 220°C until further use. Methacrylate coupling to HA and macromer purity were assessed via 1 H NMR (Bruker, 360 MHz). For gelation, the MeHA macromer was mixed and crosslinked with the redox chemical initiators ammonium persulfate (APS, 5 mM, Sigma) and tetramethylethylenediamine (TE-MED, 5 mM, Sigma). Gelation was evaluated by monitoring the storage (G¢) and loss (G¢¢) moduli using an AR2000ex Rheometer (TA Instruments) at 37°C under 1% strain and a frequency of 1 Hz in a cone and plate geometry (1°, 20 mm diameter; Fig. 1b ).
Non-Contrast Magnetic Resonance Imaging
Hydrogel distribution and volume within the myocardium was assessed by mimicking the experimental in vivo work of Ifkovits et al. 11 where 0.3 mL of the hydrogel formulation [4 wt% MeHA, 5 mM APS/ TEMED in phosphate buffered saline (PBS)] was injected into explanted ovine LV myocardial tissue 3 min after mixing of the MeHA with initiators. The explanted ovine hearts were acquired from a local butcher shop. Thirty minutes later, the hydrogel/tissue samples were collected to include the entire injection region from the epicardium to endocardium. Injected explants were imaged using MRI without contrast agents by adjusting image parameters to exploit material intrinsic properties; a spin echo pulse sequence was employed and the echo time (30-60 ms) was adjusted for optimal contrast. Voxel size was also altered (0.234 9 0.234 9 1.00 mm 3 vs. 0.234 9 0.234 9 0.234 mm 3 ) to optimize resolution. Final settings used for non-contrast imaging were as follows: echo time = 40 ms, repetition time = 5.8 s, matrix = 128 9 128 9 128, field of view = 30 9 30 mm 2 , voxel size = 0.234 9 0.234 9 0.234 mm 3 . Explant samples were rinsed 69 at RT with 50 mL of sterile PBS (1% penicillin strepromycin (P/S)) and overnight for 3 days at 4°C in 200 mL of sterile PBS with daily PBS changes. This washing period was to remove any uncrosslinked macromer, and pilot studies showed that injection of macromer without initiator and washing with this process led to a signal with <5% difference in signal from control tissue. Images were converted into NIFTI files using imageJ software and converted to their correct dimensions with convert3D (c3D software). Contrast was quantified using ITK-SNAP after MRI bias correction was performed with an N4 algorithm. 23, 27 Automatic segmentation was performed using Atropos (an ITK-based multivariate n-class open source segmentation algorithm distributed with ANTs) 1, 28 to distinguish hydrogel from the background tissue and for initial segmentation. The input domain component included only the tissue portion of images, and N4 images were segmented using a smoothing factor of 0.1 (mrf 1.0, 1 9 1 9 1) and defining 3 tissues (i.e., 3 distinct regions of segmentation). A manual segmentation for crosslinked hydrogel was subsequently performed; Atropos results were employed as initial detection criterion and crosslinked hydrogel was defined as a percent change in intensity between HA and tissue above 7% (i.e., one standard deviation (SD) above the average change in intensity at day 3 in uncrosslinked studies).
Hematoxylin & eosin (H&E) staining was performed on hydrogel/tissue composites to confirm hydrogel incorporation. Thirty minutes after hydrogel injection, tissue was fixed in 4% formalin overnight and paraffin embedded using standard histological techniques. Samples were processed into 7 lm sections and stained with H&E.
Biaxial Testing
Biaxial testing is a physiologically relevant technique to assess the mechanical properties of anisotropic tissue such as myocardium. 4, 14, 18, 22, 34 Injected explant tissue samples were prepared as described above and a total of 5 samples were tested. Untreated myocardium was used as a control. Samples were collected from the mid-myocardial region and trimmed to~7 9 7 mm 2 with a thickness of~2 mm. Average thickness values were calculated to compute crosssectional areas in order to determine the stress in each loading direction. The surface of each sample was speckle-coated with Verhoeff's stain for post-test tissue strain analysis with digital image correlation (Fig. 2a) . As a point of attachment for mechanical testing, finger-like grips 14 were made out of waterproof sandpaper (T214 Norton) (~75 9 5 mm 2 ) to allow for free expansion of sample edges (Fig. 2b) . The sandpaper was folded in half, and 3, 25 9 1 mm ''fingers'' were excised at the free end so that 6 ''fingers'' in total (3 on the top and 3 on the bottom) were formed. Grips were painted white to enhance contrast and glued (Locite 454) onto the bottom and top of each side of the tissue samples with about 1 mm overlap between the grip and tissue. Brass 0.5 mm markers were painted black for contrast and placed on the central ''finger'' section of each group (4 markers in total) (Figs. 2a and 2b). Before testing, samples were equilibrated for~1 h in PBS at RT.
Silk (2-0) sutures were folded in half and secured through the free end of each sandpaper grip by metal hooks. The looped ends of the sutures were then hooked around the pulleys attached to the motors of a custom biaxial device. 20 Four independent motors (controlled by LabVIEW software) applied strain to the myocardial samples in both the circumferential and longitudinal directions, while a high-resolution digital camera with a telecentric lens (NT63-730, Edmund Optics) tracked the black markers on the middle tabs to track strains. Testing was performed by grip-to-grip strain control; all samples were preconditioned, exposed to a 1 h hold, and then tested. Preconditioning included prestraining to 0.01 equibiaxial strain and then equibiaxially straining to 0.20 for 5 cycles at 0.10 strain/min. Immediately after preconditioning, samples were subjected to a 1 h hold where no load was applied and samples were allowed to freely contract in both directions. The test protocol was identical to the preconditioning parameters; data and images from the final loading curve of each test were used for experimental data analysis.
All moduli calculations were based on orienting samples for tests according to their original orthogonal orientation in the myocardium. To calculate tissue strains, 2-D displacement maps were rendered using the speckle-coated surface via digital image correlation (Vic2D 2009, Correlated Solutions). A single deformation gradient tensor F was calculated from the displacement map of each image by finding the leastsquares solution to the system of equations with a Matlab algorithm developed and described by Szczesny et al. 24 The deformation gradient tensor F for each image was used to compute the tissue Green-Lagrange strain in both the longitudinal and circumferential directions. Stress-tissue strain curves were obtained for each sample and then used to derive the nonlinear material parameters for FE modeling.
Material Model and Curve Fitting
The material response of both the control myocardium and myocardium injected with hydrogel (hydrogel/tissue composite) was represented using a nearly incompressible, transversely isotopic, hyperelastic constitutive law, which is defined as 10 : 
where C, b f ., b t , and b fs are the diastolic material parameters, and E ij are the components of the GreenLagrange strain tensor relative to the myofiber coordinate system (f = fiber direction, s = cross-fiber inplane direction, n = transverse-fiber direction). In the case of myocardium injected with hydrogel, it was assumed that the gel was evenly dispersed within the sample. Thus, rather than representing the myocardium and hydrogel with separate constitutive laws, it was assumed that the ''effective'' response of the hydrogel/tissue composite material could be represented with the constitutive law in Eq. (1). This results in altered material parameters that represent the influence of the gel on modifying myocardial stiffness. During planar biaxial testing the deformation is limited to stretching along two primary loading directions. When controlled properly, the shear deformation is minimal compared to the normal components, and thus can be ignored. For this type of deformation, the stress can be posed in terms of the stretch ratios in the primary loading directions. Using the assumption of plane stress, due to the sample thickness, and the fact that the myofibers were oriented in the primary stretching direction, the Cauchy stress can be defined as
where r 11 and k 1 are the stress and stretch ratio in the circumferential (myofiber) direction, respectively, and r 22 and k 2 are the stress and stretch ratio in the longitudinal (cross-fiber in-plane) direction, respectively. The stretch ratios and normal components of GreenLagrange strain are related by E ii ¼ Biaxial data from the control and hydrogel/tissue composite experiments were fit to the stress-stretch relation defined in Eq. (2). A Genetic Algorithm was employed to determine the optimal set of material parameters (C, b f , b t ) that minimized the difference between the predicted and experimental stress-strain curves, i.e., the value of (R 2 2 1) was minimized for each set of curves, where R 2 is the coefficient of determination. A Genetic Algorithm is an intelligent searching technique that is used to probe a desired parameter space in order to minimize an objective function without the need for taking the gradient of that function. Since the shear deformation was negligible, only the parameters C, b f , and b t were determined from the biaxial stretching experiments. 
Finite Element Model of a Left Ventricle with Injections
In order to determine the influence of hydrogel injections on myocardial wall stress, two different FE models of a LV were generated, one with and one without injections. The geometry of the LV wall was based on experimental measurements from the normal ovine hearts used in this study. For the control case, the wall thickness was approximately 1.3 cm near the equator of the LV and 0.8 cm near the apex. The inner diameter of the endocardial wall near the equator was 4 cm, while the distance from apex to base was 6.4 cm. The myofiber orientation was assigned to vary linearly from epicardium to endocardium using the angles of 237°to 83°, respectively. The material properties of the LV wall were based on the curve fitting results from the experimental biaxial testing of control myocardium.
In order to account for the presence of the hydrogel, the control model was modified to include a pattern of 20 hydrogel/tissue composite regions around the free wall (Fig. 3a) . The number of regions was based on work by Ifkovits et al., 11 where 20 injections of hydrogel were made into an ovine anteroapical infarct. In that work, the injections were made 30 min after the MI was induced. According to Holmes et al.,
12 the passive properties of the myocardium begin to stiffen 4-6 h post-MI. Since the model is meant to mimic the initial time frame after infarction, it is assumed that 30 min post-MI the properties would be roughly unchanged. Hence, the model was created such that the properties around the hydrogel/tissue composite regions were the same as the control case. The size and shape of the hydrogel/tissue composite regions were based on the MR images of injected explant tissue, which are given in the Results section. The wall thickness around the hydrogel/tissue composite regions was increased to account for the volume added to the wall, thus preserving the volume of myocardium (Figs. 3b and 3c ). Since each injection was 0.3 mL, the total amount of volume added to the model was 6 mL. This led to an increase in wall thickness of approximately 1.4 mm within the model. The LV wall away from the injections, and the longitudinal dimensions were unaltered relative to the control case. The material properties of the hydrogel/tissue composite regions were based on the curve fitting results from the experimental biaxial testing of samples taken from the center of the ellipsoidal composite site. It should be noted that the value for b fs was based on the literature, since it cannot be determined from biaxial testing, and was assigned to be 12. 29 
Statistical Analysis
Data are presented as mean ± SEM, as indicated in the figure legend. Changes in data were assessed using a 2-sample t test and assuming equal variances. p < 0.05 was considered statistically significant for all comparisons.
RESULTS
MeHA Hydrogel Formation and Characterization
MeHA functionalization was assessed via 1 H NMR by integrating the acrylate peaks resonating at d~6.10 ppm and d~5.70 ppm to the HA backbone and was confirmed to be~60% for the macromer used in this study. The redox initiators APS and TEMED were employed at 5 mM for hydrogel formation of a 4 wt% MeHA solution in PBS. Gelation was monitored with rheometry and gel onset was determined to be 234 ± 6 s, where gel onset was defined as the intersection of G¢ and G¢¢ (Fig. 1b) . The hydrogel modulus reached a plateau within 30 min.
Non-Contrast MRI
The proton makeup of a water swollen HA hydrogel is different from that of tissue; thus, when injected into an explant, the endogenous properties of the composite hydrogel/tissue region are different compared to tissue alone. It is not completely understood how much of this is due to changes in proton density or relaxation times, yet hydrogels are detectable without the inclusion of contrast agents. Initial studies were performed to understand whether the injected macromer would be present in the tissue, if it is not crosslinked into the gel. To address this, MeHA was injected into explants without initiator and washed for up to 5 days. After 3 days, there were negligible differences between the control tissue and the tissue washed free of macromer (Fig. 4a) . Figure 4a illustrates that, compared to minimal contrast observed in control myocardial tissue, the tissue-embedded MeHA formulation was clearly distinguishable. While the geometry of injections varied somewhat, most injections took on an ellipsoidal shape with the major axis matching the fiber direction. The longitudinal (X l ) and circumferential (X c ) axes of the composite region are shown in Fig. 4a , and the full ellipsoid can be seen clearly in the 3D rendering of the composite region (Fig. 4b) . The dimensions and volumes of the four composite samples were estimated from the imaging data. The average length in the circumferential, longitudinal, and transmural directions was found to be 1.725 ± 0.25, 0.575 ± 0.15, and 0.875 ± 0.096 cm, respectively, and the volume was 0.420 ± 0.162 mL. It should be noted that in most cases, calculated volumes were larger than the original 0.3 mL that was injected, suggesting that the hydrogel is dispersing within the tissue. While hydrogels did at times form small hydrogel ''plugs'' (areas of mostly hydrogel), they generally dispersed evenly within the fibers (Fig. 4c) . The smallest dimension of the hydrogel/tissue composite region was in the longitudinal direction. This is most likely due to the sheet structure of the myocardium, causing the hydrogel to disperse between layers.
Biaxial Testing
Biaxial testing was conducted on control myocardium (n = 5) and hydrogel/tissue composite (n = 5) samples. The resulting stress-strain curves were then fit in order to determine the parameters for the constitutive model in Eq. (2). Experimental stress-strain points from a control and composite experiment are shown in Fig. 5a , along with the corresponding curve fit. All of the parameters from the curve fitting procedure are reported in Table 1A and 1B for the control and composite case, respectively. Note that there was good agreement between the experimental and curve fit results for both the control and composite cases. The average parameters for each case are given in Table 1C . These values were plugged into Eq. (2) in order to generate the representative biaxial stress-strain curves shown in Fig. 5b . It can be seen that the composite was stiffer than the control (Fig. 5b) in both loading directions and that the anisotropy was reduced, i.e., the difference in directional stiffness is reduced.
In order to further explore the changes in anisotropy, the directional ''modulus'' in different strain ranges was examined. This was approximated to be the change in stress over each of the strain ranges. Myocardial physiological strain has been reported to range from 0.10 to 0.15 7, 11, 16, 21 ; to account for the lower and higher ends, a mechanical assessment was performed between 0.05 and 0.10 and between 0.10 and 0.15 Green-Lagrange strain, where 0.05-0.10 corresponded to the linear toe region in stress-strain curves (Figs. 6a and 6b) . A strain range of 0.15-0.20 (Figs. 6a and 6b) , which generally corresponded to the second linear portion in stress-strain curves, was analyzed as an extreme case that could potentially represent a hypertrophied borderzone. Overall, when compared to control myocardium, a directionally dependent trend was observed where moduli were influenced most in the longitudinal direction. Results demonstrated that in the longitudinal direction, the moduli of hydrogel/tissue composite samples were higher than in control myocardium specimens in all Green-Lagrange strain ranges with significant changes observed at 0.10-0.15 (56.8 vs. 9.9 kPa, respectively). This trend was not as distinct in the circumferential direction, where moduli of the hydrogel/tissue samples were slightly higher between 0.05-0.10 and 0.15-0.20 and comparable to control myocardium between 0.10 and 0.15.
Overall, tissue strain analysis data indicates that hydrogel incorporation influences the mechanics of the myocardial tissue, generally resulting in larger increases in stiffness in the longitudinal direction than in the circumferential direction. As a result, the anisotropic ratio (circumferential/longitudinal) for the composite formulation was decreased compared to control myocardium in all Green-Lagrange strain ranges, Fig. 6c ; a significant decrease was observed at 0.10-0.15 (1.7 vs. 8.1, respectively). 
FE Modeling Stress Analysis
The FE models for the control and hydrogel injected LV cases were both simulated using an end-diastolic pressure of 10 mmHg as a boundary condition on the endocardial surface. The material parameters were assigned using the average values from the biaxial testing (Table 1C) . Diastolic stress in the fiber direction was calculated using a volume average over several regions, in order to assess the local and global effects of the hydrogel injections. The average stress results are given in Table 2 . Note that the global average was calculated using all of the elements in the LV mesh, the circumferential average used the elements boxed in Fig. 3c , the longitudinal average used the elements boxed in Fig. 3b , and the transmural average used the elements in and around the injection site shown in Fig. 3a with the arrow. The global average of fiber stress was reduced by roughly 14% due to the presence of the injections. The transmural average, which represents a local change in stress, was reduced by 26%. The stress distribution within the LV wall for the hydrogel injected case is shown in Fig. 7 . Note that the endocardial and midmyocardial stresses were reduced, due to the presence of the hydrogel.
In order to assess the influence of mechanical properties vs. wall thickening, since hydrogel injection induces both, simulations were conducted where the properties of the composite regions were assigned to be the same as the control myocardium. Therefore, only wall thickening effects altered the stress distribution. It can be seen that the reduction in stress is 10.4% for the global average and 19.9% for the transmural average (Table 2) . Thus, increased stiffness, due to the hydrogel injection, reduces the stress more than just thickening the ventricle wall alone.
Since the hydrogel also influences the anisotropy, simulations were conducted where the cross-fiber stiffness parameter (b t ) was varied while the fiber stiffness parameter (b f ) was held constant. This was done by altering the average composite parameters. When b t was assigned to be 1, the fiber stress increased by 6%, whereas when b t was assigned to be equal to b f , the fiber stress decreased by 11%. Thus, as cross-fiber stiffness increases (reducing anisotropy) the fiber stress decreases even further.
DISCUSSION
This study assessed the influence of hydrogel injection within the wall of normal myocardium on LV wall stress using experimental measurements of hydrogel/ tissue composite sites to build a realistic FE model. To our knowledge, this is the first time that MRI has been used to evaluate the shape and distribution of hydrogel in the wall of myocardium and to use experimentally measured parameters of hydrogel injection for inputs to an FE model. The results indicate that the injected hydrogel increases mechanical stiffness in the longitudinal direction and reduces stress along the fiber direction.
Other FE studies have investigated the influence of injecting non-contractile material into the LV wall. Kortsmit et al. developed an FE model of an anteroapical infarct that was treated with hydrogel injection. 15 In that work, it was assumed that the hydrogel and tissue took on a discrete layered structure within the infarcted region, with the hydrogel and tissue alternating layers. This was based on histological sections of the treated infarct region. Wenk et al. developed an FE model of an LV with dilated cardiomyopathy that was treated with spherical injection regions. 33 The injection sites were assumed to be discrete inclusions of pure alginate. In both studies, the LV wall stress was reduced due to the injected material, but the interaction of the hydrogel and tissue was not considered.
In the current study, the biaxial testing data indicates that hydrogel incorporation does influence the stiffness of myocardial tissue, generally resulting in a larger mechanical influence in the longitudinal direction than in the circumferential direction compared to control myocardium. Consequently, the anisotropy for the hydrogel formulation compared to control myocardium was decreased as indicated in Fig. 6c . Healthy normal myocardial tissue is anisotropic; stiffness in one direction (circumferential) is higher than the other (longitudinal) direction. 7, 10, 34 The results reported in Fig. 6 support this trend for normal myocardial tissue; however, when compared to control myocardium, hydrogel incorporation resulted in decreased anisotropy compared to control myocardium (Fig. 6c) . As hydrogels exhibit isotropic properties alone, this is not entirely unexpected as the composite consists of both cardiac tissue and hydrogel. Yet, this is interesting considering the recent findings of Fomovsky et al., which indicated that anisotropic stiffening may be beneficial in cardiac function. 9 Morita et al. observed a similar trend where treatment with their injectable dermal filler led to increased stiffening in the longitudinal direction. 18 It should be noted, however, that both of the aforementioned studies were performed in an infarct model, while this work was performed in normal myocardial tissue and this could influence the final outcomes. Regardless, this provides insight on the influence of injectable biomaterials on the mechanical properties (i.e., directional stiffening) of the myocardium.
Other approaches have also been developed to potentially reduce myocardial stress post-MI, thus reducing the adverse effects of remodeling. These include cardiac restraint devices, such as epicardial patches and wraps. In the study by Liao et al., 17 localized synthetic patches were sutured to the epicardium over an MI in a pig model. In the study by Dvir et al., 6 bioengineered patches were pre-vascularized via heterotopic transplantation onto the omentum. The patches were then explanted and transplanted onto the epicardium of an MI in a rat model. The results of both studies showed a reduction in MI wall thinning and an improvement in LV ejection fraction, relative to infarcted controls. Devices that wrap completely around the epicardium, and are made of synthetic materials, have been investigated and found to acutely reduce wall stress at the expense of reducing pump function. 32 The modeling results in the current study show a clear reduction of stress based on the injection of a hydrogel formulation and experimentally measured parameters of volume and mechanics. However, the findings are based on a single formulation, which was previously injected into an ovine infarct model and showed positive findings with respect to infarct expansion and cardiac function. Thus, there is correlation between the current study, which predicts decreased stress and potential in vivo findings. As mentioned in the Introduction, there are a wide range of materials that have been injected into the myocardium and with some systems there is tunability in properties. For example, by tuning the stiffness of the formulation, further reductions in stress may be achieved. The current results indicate that a formulation that is stiffer overall, and provides additional stiffening in the longitudinal direction, will reduce stress further. Thus, further experiments could correlate materials with varied properties using this approach.
One limitation of the current study is that it only focused on changes in passive stiffness due to hydrogel injection. Further studies are needed to assess changes in stress during systolic contraction. Additionally, features such as dispersion of the hydrogel might be different in a myocardial infarction vs. normal myocardium used here; thus, further studies are required to assess this difference.
CONCLUSIONS
Myocardium injected with hydrogel was assessed using MRI and biaxial testing. The results of the MRI show that the hydrogel dispersed within the tissue, forming an ellipsoidal shape. Biaxial testing showed altered stiffness due to the hydrogel, which changed the anisotropy and increased the longitudinal stiffness. A FE model was generated using the experimentally determined material properties and injection geometry. The model predicted a reduction in local and global myofiber stress, with additional attenuation when the hydrogel/tissue stiffness was increased, indicating the need for further tuning of hydrogel properties. Overall, this work further advances the field and provides insight on how to improve material design of injectable biomaterials used to attenuate increased stress due to LV remodeling.
